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ABSTRACT
Despite the proximity of the Sahara, very few studies about dust impact on air
quality and human health have been conducted in West Africa. The lack of data is
a major constraint on our understanding of the impacts on human health in this
area. We analyzed PM10 concentrations and horizontal visibility recorded in four
West African stations. The pollution levels often exceed the standards defined by
many countries/regulatory authorities and have been associated with serious health
risks outside Africa. Over the Sahelian stations, 45.6%of the days betweenNovember
2006 and March 2007 were likely to impact human health and the studied Sudanian
population was exposed to potential health effects every 5 days.
Key Words: dust, PM10, air quality, AQI, health, West Africa.
INTRODUCTION
The impact of desert dust on air quality and human health is receiving increasing
attention from the scientific community (de Longueville et al . 2010). The total
amount of dust emitted globally is estimated to be between 1018 Tg year−1 (Miller
et al . 2004) and 3000 Tg year−1 (Engelstaedter et al . 2006; Tegen and Fung 1994).
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F. de Longueville et al.
Winds from the nine principal desert sources transport large amounts of dust around
the world (Prospero et al . 2002; Tanaka and Chiba 2006).
The Sahara and its surroundings are responsible for between 600 and 900 Tg of
atmospheric dust every year (Callot et al . 2000; D’Almeida 1986; Marticorena et al .
1997). In the literature, three main trajectories of Saharan dust are distinguished
(Middleton and Goudie 2001). The first crosses the Atlantic Ocean to the United
States, the Caribbean, and South America (Chiapello et al . 1995; Kellogg et al . 2004);
the second carries dust to the western Mediterranean and Europe (Kellogg et al .
2004; Perez et al . 2008); the third transports dust to the eastern Mediterranean and
the Middle East (Kubilay et al . 2003; Middleton et al . 2008). With a few rare excep-
tions, only recently has there been any research focus on desert dust and movement
around the African continent (Resch et al . 2007). According to D’Almeida (1986),
60% of the total particles from the Sahara are transported to the Gulf of Guinea by
northeasterly trade winds.
Regions of the world in the path of dust-laden wind record increased ambient
air dust concentrations that re-associated with deteriorations in air quality and the
strong possibility of negative impacts on human health (Engelstaedter et al. 2006;
Kellogg et al. 2004; Ozer et al. 2005). Themain constituents of Saharan dust particles
are clays, minerals (especially iron, but also copper and zinc), and quartz (Linares
et al. 2010). Coarse particles are more likely to be deposited in the bronchial pas-
sages and thereby affect respiratory conditions such as asthma, chronic obstructive
pulmonary disease, and pneumonia (Sandstrom and Forsberg 2008). In contrast,
fine particles seem more likely to reach the alveoli and lead to cardiovascular events
(Sandstrom and Forsberg 2008). Saharan dust also carries large amounts of pollens
and microorganisms such as bacteria and fungi, as well as related protein and lipid
components (Griffin 2007; Kellogg andGriffin 2006). Finally, particulatemattermay
contain endotoxins, which are components of the bacterial wall and could cause
respiratory and systemic inflammatory responses and can exacerbate lung disease
(Sanstrom and Forsberg 2008).
Over the past 20 years, many studies have been conducted to better understand
the impacts of dust emanating fromdeserts in Asia on air quality andhealth in several
Asian regions (de Longueville et al. 2010). The Sahara emits about 50% of the total
global burden of desert dust into the atmosphere (Ginoux et al. 2004; Washington
et al. 2003), but impacts of Saharan dust on air quality and human health are
substantially less studied. A search of the ISI Web of Knowledge database in January
1999–December 2011 revealed 15 studies with quantitative results on Saharan dust
impacts on health (Appendix, adapted from de Longueville et al. 2013). No impact
study has been published to date on West Africa despite its proximity to the main
source of dust and its location with regard to the dominant winds (de Longueville
et al. 2013).
The first aim of the present article was to provide further quantitative information
on Saharan dust levels in someWest African regions. The second aimwas to speculate
on the potential health effects of Saharan dust exposures of the Sahelian1 and
Sudanian populations.
1Editor’s note: Sahelian refers to the Sahel, which is the ecoclimatic and biogeographic zone
of transition between the Sahara desert in the north and the Sudanian savannas in the



























Saharan Dust: Health Risks in West Africa
Figure 1. Location of the three rural Sahelian stations (M’Bour, Cinzana, Bani-
zoumbou) with PM10 data and the Sudanian station (Kandi) with visibil-
ity data.
DATA SOURCE AND METHODS
Data were collected from four stations recording air quality in West Africa (see
Figure 1). This allowed the calculation of yearly mean, seasonal mean, maximum
monthly mean, maximum daily mean and number of days recorded with respiratory
particulates or particulate matter less than 10 µm in aerodynamic diameter (PM10)
concentrations above defined standards. These calculated values were compared
with defined air quality standards and used to speculate on the exposure of the
population to air pollution and the potential health effects.
Data
Daily concentrations of Particulate Matter smaller than 10 µm (PM10) expressed
in µg.m−3, recorded between January 2006 and December 2007 in three rural Sahe-
lian stations located at Banizoumbou (Niger, 13.54 N, 2.66 E), Cinzana (Mali, 13.28◦
N, 5.93◦ W), andM’Bour (Senegal, 14.39◦ N, 16.96◦ W)were used. Atmospheric PM10
concentrations were measured using a Tapered Element Oscillating Microbalance
(TEOM 1400A from Thermo Scientific) equipped with a PM10 inlet (following the
procedures outlined in Marticorena et al. 2010). Dust concentration measurements
were performed at 6.5 m above the ground level at Cinzana and Banizoumbou and
at 9.5 m at M’Bour (Marticorena et al. 2010). Thanks to a set of precautions taken
south. It is the semidesert south fringe of the Sahara desert and stretches from Mauritana to
Chad (Wikipedia 2012).
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during data acquisition (see Marticorena et al. 2010 for more information), we can
say that the measured PM10 levels can be largely attributable to the Saharan dust.
These data were recorded within the framework of the international African Mon-
soonMultidisciplinary Analysis (AMMA) program at these three stations comprising
the so-called “Sahelian Dust Transect.”
In addition, in order to extend the study area, hourly horizontal visibility data
for the 2003–2004, 2004–2005, 2005–2006, 2006–2007 dry seasons (November to
March2) provided by National Meteorology Office of Benin recorded in the rural
environment of Kandi (Benin, 11.13 N, 2.94 E) were used. Several authors have
proposed that there is a relationship between horizontal visibility and air quality
indicators (Total Suspended Particulates, PM10 concentrations) (Bertrand 1976;
d’Almeida 1986; Ben Mohamed et al. 1992). The fraction of PM10 is approximately
70% of the Total Suspended Particulates (TSP) in the clouds’ dust transported over
long distances (Viana et al. 2002). Because it is the only method of linking horizontal
visibility and PM10 concentrations, the equation of D’Almeida (1986) was applied
for this study:
C = 914.06 × VV−0.73 + 19.03
where C is the PM10 concentration in µg.m−3 and VV is the horizontal visibility in
km. The equation was based on more than 200 observations of horizontal visibil-
ity ranging from 200 meters to 40 km collected in 1981 and 1982 in 11 synoptic
stations distributed mainly south of the Sahara. This relationship has been previ-
ously described and applied to assess air quality degradation in Niamey (Niger) and
Nouakchott (Mauritania) (Ozer 2004; Ozer et al. 2006).
There are many strengths to these data. The recording stations are well dis-
tributed throughout the sub-region (Figure 1), in the path of dust-laden winds, and
located in different climatic zones (Lebel and Ali 2009). Both Banizoumbou and
M’Bour are located between the 500 and 700 mm.yr−1 isohyets while Cinzana is
located between the 700 and 900 mm.yr−1 isohyets (Marticorena et al. 2010). We
refer to these three stations as “Sahelian” for the rest of this text, in line with the
nomenclature of AMMA. By definition, the Sahelian zone is characterized by an-
nual rainfall between 300 and 500 mm and the vegetation is dominated by grass and
shrub savanna (Bellefontaine et al. 1997). The mean annual precipitation in Kandi,
which we refer to here as “Sudanian” station, reaches 1000 mm. The Sudanian zone
recorded annually rainfall between 900 and 1200 mm. Tree savanna, dry dense
forest gallery forest, and woodland are the main vegetations found in this climatic
zone (Bellefontaine et al. 1997). Because stations are located in a rural environment,
they avoid as much as possible the influence of urban pollution sources. However
they are also in inhabited regions,3 otherwise the study of populations’ exposure to
dust would not make any sense. Daily data were available from all stations, with data
2Strictly speaking the dry season lasts longer in these regions of West Africa but analyses
focused on these five months of dry season because data collected in Kandi (Benin) are only
for these months.
3For instance, in Niger, total population exceeded 15.106 inhabitants in 2010. While popu-
lation density is relatively weak (12 inh.km–2), spatial repartition is very mixed: more than
75% of the population live in the southern part of the territory (Heinrigs and Perret 2006).



























Saharan Dust: Health Risks in West Africa
Table 1. USEPA Air Quality Index (AQI), associated 24-h PM10 concentration,
and health effects (USEPA 1999).
AQI Category AQI Values PM10 (µg.m−3) Health effects
Good 0–50 0–54 None
Moderate 51–100 55–154 None
Unhealthy for sensitive
groups
101–150 155–254 Increasing likelihood of
respiratory symptoms
and aggravation of
lung disease, such as
asthma
Unhealthy 151–200 255–354 Increasing likelihood of
respiratory symptoms
and aggravation of




Very unhealthy 201–300 355–424 Significant increase in
respiratory symptoms
and aggravation of










effects likely in general
population
throughout the year for the Sahelian stations (Banizoumbou, M’Bour, and Cinzana)
and for several months for the Sudanian station (Kandi). Finally, the study period
was recent and predominantly the same for the different stations (Table 2).
From these direct and indirect PM10 concentration datasets, a set of reference
values were calculated for each of the four stations: yearly mean, seasonal mean,
maximum monthly mean, maximum daily mean, and number of days recorded
PM10 concentrations greater than defined standards. This allowed a comparison
between the stations and a simple assessment of the PM10 concentrations in the four
zones. The spatio-temporal variations were highlighted.
Air Quality Standards
The World Health Organization (WHO), the U.S. Environmental Protection
Agency (USEPA), and the European Commission (EC) have defined air quality stan-
dards based on PM10 concentrations. For the WHO these are defined as 20 µg.m–3

























































































































































































































































































































































































































Saharan Dust: Health Risks in West Africa
and 50 µg.m–3 for the annual mean and 24-h mean concentration, respectively
(WHO 2006). For the USEPA the acceptable annual mean value of PM10 is 50µg.m–3
and the 24-h PM10 concentration should not exceed 150 µg.m–3 more than once per
year on average over 3 years (USEPA 2006). In Europe, Directive 2008/50/EC on air
quality laid down standards (EUAirQuality Limit Values—EUAQLV)with 40µg.m–3
as the limit value for the annual level and for the 24-h level and 50 µg.m–3 of PM10
should not be exceeded more than 35 times per year (EU 2008).
Through literature review, an international survey, and querying an international
legal database, 80 countries were identified that had standards based on 24-h PM10
concentrations (Vahlsing and Smith 2012). Based on these data, overall the average
standard for 24-h PM10 concentration was calculated to be 95 µg.m–3. There was a
disproportionate lack of information relating to African countries. In West Africa,
only Ghana and Senegal have standards with limit values of 70 and 260 µg.m–3,
respectively. A recent compilation of air quality regulations around the world shows
that no criteria exist inWest Africa relating tomaximumannual level (deLongueville
et al. 2010).
Potential Health Effects
TheUSEPA developed the Air Quality Index (AQI) as a tool to provide timely and
easy-to-understand information on local air quality and whether it poses a health
concern (USEPA 1999) (Table 1). The AQI scale is divided into six categories,
each corresponding to a different level of health concern. The two first AQI cate-
gories (good andmoderate, PM10 concentration<155µg.m–3) are defined as having
no impact on health, while the last AQI category (hazardous, PM10 concentration
>424 µg.m–3) is defined as associated with a serious risk of respiratory symptoms
and aggravation of lung disease, such as asthma and with respiratory effects likely
to impact the general population (Ozer et al. 2006). Three intermediate AQI cate-
gories are defined with increasing potential health effects. In the present study, PM10
concentration values from the four studied stations were systematically compared
with this scale to assess the West African population’s exposure to air pollution and
to speculate on the potential health effects.4
RESULTS AND DISCUSSION
Dust Impacts on Air Quality
PM10 concentrations recorded at the four stations included in this study frequently
exceeded by a large margin any of the major regulatory criteria governing air quality
described here. Given the wide geographic spread, this finding is concerning as it
implies that a large area of West Africa is subject to high concentrations of atmo-
spheric dust that may have severe impacts on human health. It seems likely that
change in land use through anthropogenic pressures, natural climatic variability,
4The intensity and type of health impacts depend on the grain-size distribution and the chem-
ical composition of particles (Nel 2005). In the absence of this information, we considered
the PM10 concentrations in a comprehensive manner in this study, bearing in mind that
differences could exist.
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and global warming (Goudie 2009) are three factors all now combining to increase
dust formation (Ozer et al. 2006). It is reasonable to assume that if these factors
continue to be accentuated, the amount of dust entering the atmosphere in the
region could worsen. There is therefore an urgent need to better quantify impacts
of desert dust on air quality and health. To date, in the countries examined here
only Senegal has installed equipment to monitor air quality (including measures
of PM10 concentrations). Since 2010, five stations record daily air quality in Dakar.
Nevertheless this should only be viewed as a first step, as monitoring is restricted
only to Senegal and not more broadly in the sub-region.
PM10 reference values, comparison between stations
Shown in Table 2 are the results of the different PM10 reference values calculated
for each of the four study stations. Of the three Sahelian stations, Banizoumbou
(Niger) was the most exposed to Saharan dust (187 µg.m−3) based on yearly PM10
concentration. Lower values were recorded at M’Bour (Senegal) but PM10 concen-
tration remained high in absolute terms (108 µg.m−3). Cinzana (Mali) occupied an
intermediate position. These trends also hold true for seasonal mean, maximum
monthly, and daily mean PM10 concentrations throughout the year. This can prob-
ably be explained by the relative location of these stations compared to the dust
source and dust trajectories.
In terms of number of days with PM10 concentrations greater than 50 µg.m−3
(WHO standard), M’Bour recorded the highest values (287 and 148 days by year
and by dry season, respectively) and Banizoumbou the lowest values of the three
Sahelian stations (237 and 134 days by year and by dry season, respectively) for
the 2006–2007 period. With a full year of data for these stations, it is possible to
observe what happens in the dry season compared to the rest of the year. Seasonal
means are higher than yearly means by about 35%. For all the stations, maximum
monthly mean was recorded during the dry season (January 2007). This was also
true for maximum daily mean recorded at Cinzana, M’Bour, and Banizoumbou,
where the absolute maximum daily concentration (4024 µg.m−3) was recorded on
April 2, 2007. These comparisons confirm that the dry season is more impacted by
dust events (Figures 2 and 3).
While it is difficult to compare the data from Kandi with the other stations be-
cause the data sources are different, the overall trends appear to differ from the other
three stations. Seasonal means (141 µg.m−3), while raised, were lower than those
observed at the Sahelian stations. This is perhaps due to the less arid character of
this zone. However, maximummonthly PM10 concentrations (422µg.m−3) andmax-
imum daily PM10 concentrations (3172 µg.m−3) over the entire period (2003–2007)
followed a similar trend to that observed at the three other stations. But for a
stricter comparison (exactly on same period of time), between November 2006 and
March 2007, the maximum monthly mean PM10 concentration calculated at Kandi
was 382 µg.m−3 (in January 2007) and the maximum daily mean was 1535 µg.m−3
recorded on January 3, 2007. The number of days with a PM10 concentration less
than 50 µg.m−3 was sharply lower than the values obtained for the other stations.
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Figure 2. Intra-annual variability of monthly PM10 concentration (µg.m−3)
(2006–2007) in three Sahelian stations (source of data: Sahelian Dust
Transect; AMMA). (Color figure available online.)
Annual and monthly PM10 concentrations
It is clear that levels of PM10 concentrations recorded in these four stations are
substantially higher than those that would be permissible under the standards de-
fined by the WHO and the United States (and thus Europe because of intermediate
standard). The mean yearly PM10 concentration exceeds the least stringent stan-
dard (US standard, PM10 < 50 µg.m−3) in the three Sahelian stations and the mean
seasonal PM10 concentration recorded in Kandi suggests that this is the case for
this part of the Sudanian zone. Monthly PM10 concentrations exceeded 20 µg.m−3
(WHO standard) each month of the year at all the stations (refer to Figure 2).
Even the threshold of 50 µg.m−3 was exceeded 10 months a year at Banizoumbou
and Cinzana, and year-long at M’Bour. In March, during which the highest PM10
concentrations were recorded, the PM10 levels were 7 to 12 times higher than the
U.S. standard and 17 to 29 times higher than the WHO standard, depending on the
station. The highest levels were recorded in Banizoumbou (561 µg.m−3, in March
2007).
Yearly and monthly PM10 concentrations observed in the four stations were in the
same order of magnitude as observed in the few previously reported studies. These
studies reported a yearly PM10 concentration of 108µg.m−3 in Nouakchott (Maurita-
nia) in 2000with amaximummonthly PM10 concentration of 344µg.m−3 in February
of that year (Ozer et al. 2006). In Niamey (Niger), the yearly PM10 concentration
reached 67 µg.m−3 in 2003 and months in which the northern trade winds (Har-
mattan) were prevalent were characterized by monthly PM10 concentrations that
were about 160 to 200 µg.m−3 (Ozer 2005). Annual PM10 concentrations reached
245 µg.m−3 in Goure´ (Niger) in 1984 with a maximummonthly PM10 concentration
greater than 900 µg.m−3 in January (Ozer et al. 2005).
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Figure 3. Daily PM10 concentration (µg.m−3) between January 2006 andDecember
2007 at Banizoumbou (Niger) (source of data: Sahelian Dust Transect;
AMMA).
Daily PM10 concentrations
Variations of daily PM10 concentrations recorded during this study ranged from
between 1 and 4024 µg.m−3 (the lower value was recorded on August 27, 2007 the
higher on April 2, 2007) in Banizoumbou (Figure 3). The 25th, 50th, and 75th per-
centiles of the entire series were 44, 89, and 190 µg.m−3. For the duration of the
study, there were at least 30 days per year where a PM10 concentration greater than
500 µg.m−3 was recorded: in Europe, the regulatory threshold is a maximum of
50 µg.m−3, one-tenth of the amount recorded here (EU 2008). At Banizoumbou
this EU threshold was exceeded for 202 days in 2006 and 271 days in 2007 (Figure 3).
The mean value over 24-h exceeded the U.S.-defined standards (150 µg.m−3) for
more than 30% of the days of the year. Between four and eight times as many
dust events were recorded at the Banizoumbou station compared to data published
previously (Lee et al. 2007, 2008; Middleton et al. 2008; Monteil 2008; Park et al.
2005). To provide further context to the severity of the impact in air quality, a level
regarded as “severely hazardous” of 600 µg.m−3 recorded during a dust episode in
Seoul in 2002 (Hwang et al. 2008) was recorded 14 times in 2006 and 27 times in
2007 at Banizoumbou. The standard defined by the Senegalese authorities (24-h
PM10 concentrations <260 µg.m−3) was exceeded for 45 days a year in
M’Bour (6% of the year) and 29 days between November 2006 and March
2007 (19%).
Based on visibility data, our data appear consistent with that observed in some
other areas of the Sahel. For example, an extreme daily PM10 concentration of
1942 µg.m−3 was recorded at Nouakchott (Mauritania) on January 28, 2000 (Ozer
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et al. 2006). In Mali, a daily atmospheric dust concentration of 13,735 µg.m−3 and
3139 µg.m-3 was measured during two consecutive days (April 27 and 28, 1990)
during a dense dust haze reducing visibility to less than 100 m (Gillies et al.
1996).
Potential Dust Impacts on Human Health
Impact studies on human health would be meaningless in uninhabited areas.
Study stations for this study were located in a rural environment but in populated
parts of the countries (Heinrigs and Perret 2006). African populations are partic-
ularly vulnerable to health concerns because of the structure of the population
(50–57% are less than 20 years old and only 10% are more than 50 years old) as-
sociated with low income in most countries (Chaulet 1989). Moreover, the living
conditions expose people to many diseases (mainly malaria, pneumonia, and diar-
rhea) and access to healthcare remains very limited (Black et al. 2003; Peters et al.
2008). Often, malnutrition further reduces their resistance (Rice et al. 2000).
Comparison with USEPA-AQI
In terms of the USEPA-AQI, on average over the three Sahelian stations between
November 2006 andMarch 2007, 30 days (20%)may be considered as “unhealthy for
sensitive groups,” 14 days (9.6%) as “unhealthy,” 8 days (5.3%) as “very unhealthy,”
and 17 days (11.6%) may be qualified as “hazardous”; 45.6% of the days during this
period were therefore likely to impact human health because of the high abundance
of mineral dust processes. The population of Banizoumbou is the most exposed
with more than 50% of the days with potential adverse health effects (Figure 4).
Together, the two categories with the most important health effects (associated with
PM10 concentration >355 µg.m−3) account for 25% of the total; 21% of the days
are associated with the most serious risks (i.e., PM10 concentration >424 µg.m−3).
Elevated dust concentrations were observed for the other two Sahelian stations for
about the same number of days, although there were fewer days with the most severe
gradings. The situation in Kandi was less severe. A total of 29 days (19.2%) were
therefore likely to impact human health but 18 days (11.9%) may be qualified as
hazardous. Inter-season variations were important (Figure 5). On the basis of PM10
estimations, during the dry season 2005–2006, the population of this region was
almost 5 times less exposed to health risks due to dust than during the dry season
2003–2004. But the trend of the distribution between the classes remained the same:
the dominance of the more extreme categories, namely “good” and “hazardous.”
In summary, when air degradation occurs, it is likely to have a significant impact on
health.
Comparison with results in specific literature
Thirteen of the 15 published studies (ID 1 to ID 13) describing the impact of Saha-
ran dust on human health mentioned a significant increase of mortality/morbidity
(hospital admissions) in relation to dust events or air quality deterioration
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Figure 4. Distribution of the number of days belonging in the different USEPA
Air Quality Index categories in the four study stations during the dry
season 2006–2007.
(Appendix). A number of adverse health effects have been associated with desert
dust including respiratory diseases (among others asthma and pneumonia), cardio-
vascular diseases (ischemicheart disease, cerebrovascular disease), cardiopulmonary
diseases (chronic obstructive pulmonary disease), and more rarely, conjunctivitis
and allergic rhinitis (de Longueville et al. 2013). Meningitis has also been associated
with desert dust events (Sultan et al. 2005; Thomson et al. 2006).
In one study in Cyprus in which a dust event was defined as a day with at least one
hour with a PM10 concentration greater than 100 µg.m−3, an increase of 4.8% and
10.4% of hospital admissions for all-causes and cardiovascular causes, respectively,
was observed (Middleton et al. 2008). In another study in which a dust event was
defined as a daily concentration of 85 µg.m−3, there was a significant increase in
the number of paediatric admissions for up to 7 days following the peak of dust
cover (Monteil 2008). In Barcelona, Spain, an 8.4% increase daily mortality per
10 µg.m−3 increase in PM10–2.5 during Saharan dust days has been observed (PM10
concentration at a reference remote rural monitoring site reached at least 50% of
the PM10 concentration at the urban sampling site in Barcelona) (Perez et al. 2008).
A 10 µg.m−3 increase in PM10 concentration in Athens, Greece, was associated with
a 2.54% increase in the number of paediatric asthma hospital admissions (Samoli
et al. 2011a).
However, these cited levels of PM10 concentration are only a fraction of those
observed in this study in Sahelian and Sudanian zones described here. It seems
likely that these substantially higher dust concentrations would havemore important
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Figure 5. Average distribution of the number of days belonging in the different
USEPA Air Quality Index categories in Kandi during dry season between
2003 and 2007.
impacts on human health. Some studies carried out in Asia make reference to very
high levels of PM10 concentrations with significant health effects. For instance, daily
PM10 concentrations greater than 300 µg.m−3 observed in Minqin, China, were
significantly associated (lag of 3 days) with total hospitalizations due to respiratory
illness (Meng and Lu 2007). During a dust episode in 2002, daily PM10 concentration
in Seoul exceeded 600µg.m−3. The rate of emergency department visits increased by
9.4% for atopic asthma and 15.2% for visits of persons aged 65 years and older during
this period (Hwang et al. 2008). Nevertheless while these PM10 levels are higher
than those previously discussed in Europe, they are still lower than those observed
during this study inWest African regions. However, in the absence of comprehensive
health data, it is difficult to quantify the health effects in the countries investiga-
ted here.
CONCLUSION
Whether based on daily, monthly, seasonal, or annual PM10 concentrations mea-
sured in the four West African stations, the dust concentrations were far higher than
air quality standards defined by the European Union, United States, andWHO. The
results presented here have the unique advantage that they comprise data compiled
from direct measurements in West African stations and cross-sectional analysis in a
set of stations spread in the region. These results are a first quantitative assessment
of the importance of PM10 concentrations in West Africa, and these findings lead
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one to suppose that the Saharan dust has adverse health effects on the Sahelian
and Sudanian populations. On the basis of PM10 concentrations, the population
of Banizoumbou (Niger) seems to be the most exposed to air pollution while the
population of Kandi (Benin) appears to be the least exposed of the four studied
zones. Our results should encourage the extent of air quality monitoring in this
African sub-region and the collection of health data to assess the real impacts of
Saharan dust on health. All evidence now suggests that the effects will be amplified
in coming years and that the African populations that will remain the most exposed
are the most vulnerable.
ACKNOWLEDGMENTS
Conor Cahill, a professional medical writer, reviewed and corrected the final
version of this article.
REFERENCES
Bellefontaine R, Gaston A, and Petrucci Y. 1997. Ame´nagement des foreˆts naturelles des zones
tropicales se`ches. Cahier Conservation 32, FAO, Rome, Italy
Ben Mohamed A, Frangi JP, Fontan J, et al. 1992. Spatial and temporal variations of atmo-
spheric turbidity and related parameters in Niger. J Appl Meteor 31:1286–94
Bertrand J. 1976. Visibilite´ et brume se`che en Afrique. La me´te´orologie VI, 6:201–11
Black RE, Morris SS, and Bryce J. 2003. Where and why are 10 million children dying every
year? Lancet 361:2226–34
Callot Y, Marticorena B, and Bergametti G. 2000. Geomorphologic approach for modelling
the surface features of arid environments in a model of dust emissions: Applications to
the Sahara desert. Geodinamica Acta 13:245–70
Chaulet P. 1989. Asthma and chronic bronchitis in Africa: Evidence from epidemiologic
studies. Chest 96(Suppl):334S–9S
Chiapello I, Bergametti G, Gomes L, et al.1995. An additional low layer transport of Sahelian
and Saharan dust over the north-eastern tropical Atlantic. Geophys Res Lett 22:3191–4
D’AlmeidaGA. 1986. Amodel for Saharan dust transport. J Climatol ApplMeteorol 25:903–16
de Longueville F, Hountondji Y, Henry S, et al. 2010. What do we know about effects of desert
dust on air quality and human health in West Africa compared to other regions? Sci Total
Environ 409:1–8
de Longueville F, Ozer P, Doumbia S, et al. 2013. Desert dust impacts on human health: An
alarming worldwide reality and a need of studies in West Africa. Internat J Biometeorol
57(1):1–19.
Engelstaedter S, Tegen I, and Washington R. 2006. North African dust emissions and trans-
port. Earth-Sci Re 79:73–100
EU. 2008. Directive 2008/50/EC of the European Parliament and of the Council of 21 May
2008 on Ambient Air Quality and Cleaner Air for Europe. Official Journal of the European
Union, L151/1, 44 p
Gdalevich M, Nissan E, Kordova-Biezuner L, et al. 2009. Measuring the acute health ef-
fects of dust storms: A matched analysis. Epidemiology 20(6):S186. Japan. Epidemi-
ology 221:S130. ISEE 21st Annual Conference. August 25–29, 2009. Dublin, Ireland.
doi:10.1097/01.ede.0000392068.93462.17



























Saharan Dust: Health Risks in West Africa
Gillies JA, Nickling WG, and McTainsh GH. 1996. Dust concentrations and particle-size char-
acteristics of an intense dust haze event: inland delta region, Mali, West Africa. Atmos
Environ 7:1081–90
Ginoux P, Prospero JM, Torres O, et al. 2004. Long-term simulation of global dust distribution
with the GOCART model: Correlation with North Atlantic Oscillation. Environ Model
Software 19:113–28
Goudie AS. 2009. Dust storms: Recent developments. J Environ Man 901:89–94
Griffin DW. 2007. Atmospheric movement of microorganisms in clouds of desert dust and
implications for human health. Clin Microbiol Rev 20:459–77
Gyan K, Henry W, Lacaille S, et al. 2005. African dust clouds are associated with increased
paediatric asthma accident and emergency admissions on theCaribbean islandofTrinidad.
Internat J Biometeorol 49 :371–6
Heinrigs P and Perret C. 2006. La zone fragile sahe´lienne, chapitre de l’Atlas re´gional de
l’Afrique de l’Ouest, Club du Sahel et de l’Afrique de l’Ouest CSAO/OCDE, April 2006,
Paris, France
Hwang S, Jang Y, and Kim H. 2008. The Asian dust events and emergency department visits
with atopic asthma in Seoul, Korea. Epidemiology 19:S360–S360. 20th Annual Conference
of the International-Society-for-Environmental-Epidemiology Conference. October 12–16,
2008. Pasadena, CA, USA
Jime´nez E, Linares C, andMartı´nez DJ. 2010. Role of Saharan dust in the relationship between
particulate matter and short-term daily mortality among the elderly in Madrid Spain. Sci
Total Environ 408:5729–36
Kellogg CA and Griffin DW. 2006. Aerobiology and the global transport of desert dust. Trends
Ecol Evol 21:638–44
Kellogg CA, Griffin DW, Garrison VH, et al. 2004. Characterization of aerosolised bacteria
and fungi from desert events in Mali, West Africa. Aerobiologia 20:99–110
Kubilay N, Cokacar T, andOguz T. 2003.Optical properties ofmineral dust outbreaks over the
northeastern. Mediterranean. J Geophys Res 108D21:4666, doi:10.1029/2003JD003798
Lebel T and Ali A. 2009. Recent trends in the central and western Sahel rainfall regime
1990–2007. J Hydrol 375:52–64
Lee EC, Leem J, Hong YC, et al. 2008. Effects of Asian dust storm events on daily admissions
for asthma and stroke in seven metropolitans of Korea. Epidemiology 19:S145–S145. 20th
Annual Conference of the International-Society-for-Environmental-Epidemiology Confer-
ence. October 12–16, 2008. Pasadena, CA, USA
Lee JT, Son JY, and Cho YS. 2007. A comparison of mortality related to urban air parti-
cles between periods with Asian dust days and without Asian dust days in Seoul, Korea,
2000–2004. Environ Res 105:409–13
Linares C, Tobias A, andDiaz J. 2010. Is there new scientific evidence to justify reconsideration
of the current WHO guidelines for particulate matter during dust intrusions? Sci Total
Environ 408:2283–4
Lopez-Villarrubia E, Ballester F, Iniguez C, et al. 2010. Air pollution and mortality in the
Canary Islands: A time series analysis. Environ Health 9(8):1–8.
Mallone S, Stafoggia M, Faustini A, et al. 2011. Effect of Saharan dust on the association
between particulate matter and daily mortality in Rome, Italy. Environ Health Perspect
119:1409–14
Marticorena B, Bergametti G, Aumont B, et al. 1997. Modeling the atmospheric dust cycle: 2.
Simulation of Saharan dust sources. J Geophys Res 102:4387–404
Marticorena B, Chatenet B, Rajot JL, et al. 2010. Temporal variability of mineral dust concen-
trations over West Africa: Analyses of a pluriannual monitoring from the AMMA Sahelian
Dust Transect. Atmos Chem Phys 10:8899–915



























F. de Longueville et al.
Mate´ T, Guaita R, Pichiule M, et al. 2010. Short-term effect of fine particulate matter PM2.5 on
daily mortality due to diseases of the circulatory system in Madrid Spain. Sci Total Environ
408:5750–7
Meng ZQ and Lu B. 2007. Dust events as a risk factor for daily hospitalization for respiratory
and cardiovascular diseases in Minqin, China. Atmos Environ 4133:7048–58
Middleton NJ and Goudie AS. 2001. Saharan dust: Sources and trajectories. Trans Inst Br
Geogr 26:165–81
MiddletonNJ, Yiallouros P, Kleanhous S, et al. 2008. A 10-year time-series analysis of respiratory
and cardiovascular morbidity in Nicosia, Cyprus: The effects of short-term changes in air
pollution and dust storms. Environ Health 7:39. doi:10-1186/1476-069X-7-39
Miller RL, Perlwitz J, and Tegen I. 2004. Feedback upon dust emission by dust radiative forcing
through the planetary boundary layer. J Geophys Res 109 D24 art. no.—D24209
Monteil MA. 2008. Saharan dust clouds and human health in the English-speaking Caribbean:
what we know and don’t know. Environ Geochem Health 30:339–43
Nastos PT, Kampanis NA, Giaouzaki KN, et al. 2011. Environmental impacts on human health
during a Saharan dust episode at Crete Island, Greece. Meteorol Zeits 20:517–29
Nel A. 2005. Air pollution-related illness: Effects of particles. Science 308(5723):804–6
Ozer P. 2004. Utilisation de la visibilite´ horizontale pour l’estimation de la qualite´ de l’air a`
Niamey Niger. Bulletin de la Socie´te´ ge´ographique de Lie`ge 44:105–14
Ozer P. 2005. Estimation de la pollution particulaire naturelle de l’air en 2003 a` Niamey Niger
a` partir de donne´es de visibilite´ horizontale. Environnement, Risques & Sante´ 4:43–9
Ozer P, Bodart C, Tychon B. 2005. Analyse climatique de la re´gion de Goure´, Niger orien-
tal: Re´centes modifications et impacts environnementaux. CyberGeo:Euro J Geography
308:1–24
Ozer P, Laghdaf MBOM, Lemine SOM, et al. 2006. Estimation of air quality degradation due
to Saharan dust at Nouakchott, Mauritania, from horizontal visibility data. Wat Air Soil
Pollut 178:79–87
Park JW, Lim YH, Kyung SY, et al. 2005. Effects of ambient particulate matter on peak
expiratory flow rates and respiratory symptoms of asthmatics during Asian dust periods in
Korea. Respirology 10:470–6
Perez L, Tobias A,Querol x, et al. 2008. Coarse particles fromSaharan dust andDailyMortality.
Epidemiology 19:800–7
Peters DH, Garg A, Bloom G, et al. 2008. Poverty and access to health care in developing
countries. Ann NY Acad Sci 1136:161–71
Prospero JM,Ginoux P, TorresO, et al. 2002. Environmental characterization of global sources
of atmospheric soil dust identified with the nimbus 7 total ozone mapping spectrometer
TOMS absorbing aerosol product. Rev Geophys 401:1002. doi:10.1029/2000RG000095
Prospero JM, Blades E, Naidu R, et al. 2008. Relationship between African dust carried in
the Atlantic trade winds and surges in paediatric asthma attendances in the Caribbean.
Internat J Biometeorol 52:823–32
Resch F, Sunnu A, and Afeti G. 2007. Saharan dust flux and deposition rate near the Gulf of
Guinea. Tellus 60B:98–105
Rice AL, Sacco L, Hyder A, et al. 2000. Malnutrition as an underlying cause of childhood
deaths associated with infectious diseases in developing countries. Bull World Health
Organ 78:1207–21
Samoli E, Nastos PT, Paliatsos AG, et al. 2011a. Acute effects of air pollution on pedi-
atric asthma exacerbation: Evidence of association and effect modification. Environ Res
111:418–24
Samoli E, Kougea E, Kassomenos P, et al. 2011b. Does the presence of desert dust modify the
effect of pm10 on mortality in Athens, Greece? Sci Total Environ 409:2049–54



























Saharan Dust: Health Risks in West Africa
Sandstrom T and Forsberg B. 2008. Desert dust. An unrecognized source of dangerous air
pollution? Epidemiology 19:808–9
Sultan B, Labadi K, Gue´gan JF, et al. 2005. Climate drives the meningitis epidemics onset in
West Africa. PLoS Medicine 21, e6. doi:10.1371/journal.pmed.0020006
Tanaka TY and Chiba M. 2006. A numerical study of the contribution of dust source regions
to the global dust budget. Global Planet Change 52:88–104.
Tegen I and Fung I. 1994. Modeling of mineral dust in the atmosphere: Sources, transport,
and optical-thickness. J Geophys Res 22:897–914
ThomsonMC, Molesworth AM, Djingarey MH, et al. 2006. Potential of environmental models
to predict meningitis epidemics in Africa. Trop Med Internat Health 11:781–88
Tobias A, Perez L, Diaz J, et al. 2011. Short-term effects of particulate matter on total mortality
during Saharan dust outbreaks: A case-crossover analysis in Madrid (Spain). Sci Total
Environ 412–413:386–9
USEPA (US Environmental Protection Agency). 1999. Guideline for Reporting of Daily Air
Quality—Air Quality Index AQI. Research Triangle Park, NC, USA
USEPA. 2006. Guideline for Reporting of Daily Air Quality—Air Quality Index AQI. Research
Triangle Park, NC, USA
Vahlsing C and Smith KR. 2012. Global review of national ambient air quality standards for
PM10 and SO2 24h. Air Qual Atmos Health 5:393–9
Viana M, Querol X, Alastuey A, et al. 2002. Influence of African dust on the levels of atmo-
spheric particulates in the Canary Islands air quality network. Atmos Environ 36:5861–75
Washington R, Todd M, Middleton NJ, et al. 2003. Duststorm source areas determined by
the total ozone monitoring spectrometer and surface observations. Ann Assoc Am Geogr
93:297–313
WHO (WorldHealthOrganization). 2006. Air Quality Guidelines: Global update 2005: Partic-
ulate Matter, Ozone, Nitrogen Dioxide and Sulfur Dioxide. 2006, Copenhagen, Denmark
Zauli Sajani S,Miglio R, Bonasoni P, et al. 2011. Environment: Saharan dust and dailymortality
in Emilia-Romagna, Italy. Occup Environ Med 68:446–51
Hum. Ecol. Risk Assess. Vol. 19, No. 6, 2013 1611
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
A
P
P
E
N
D
IX
T
ab
le
A
1.
Pu
bl
is
h
ed
st
ud
ie
s
ab
ou
tS
ah
ar
an
du
st
im
pa
ct
s
on
h
um
an
h
ea
lt
h
.
ID
R
ef
er
en
ce
T
im
e
&
pl
ac
e
H
ea
lt
h
ou
tc
om
es
,t
ar
ge
t
po
pu
la
ti
on
,d
at
a
so
ur
ce
D
us
te
ve
n
td
efi
n
it
io
n
M
ai
n
fi
n
di
n
gs
1
G
da
le
vi
ch
et
al
.2
00
9
20
06
–2
00
8
Is
ra
el
T
h
e
n
um
be
r
of
em
er
ge
n
cy
de
pa
rt
m
en
t(
E
D
)
vi
si
ts
fo
r
ac
ut
e
ca
rd
io
-r
es
pi
ra
to
ry
co
n
di
ti
on
s
at
a
re
gi
on
al
m
ed
ic
al
ce
n
te
r
U
se
of
co
n
ti
n
uo
us
ai
r
qu
al
it
y
m
on
it
or
in
g
ca
rr
ie
d
ou
tb
y
th
e
Is
ra
el
M
in
is
tr
y
of
E
n
vi
ro
n
m
en
ta
l
Pr
ot
ec
ti
on
M
ea
n
ca
rd
io
-r
es
pi
ra
to
ry
E
D
pa
ti
en
tl
oa
d
on
Sa
h
ar
an
D
us
tD
ay
s
(S
D
D
)
w
as
32
.6
7
±
11
.3
9
vi
si
ts
,c
om
pa
re
d
to
a
m
ea
n
of
29
.0
7
±
5.
33
on
m
at
ch
ed
co
n
tr
ol
da
ys
(P
=
0.
04
).
T
h
is
re
pr
es
en
ts
a
re
la
ti
ve
in
cr
ea
se
of
12
.4
%
ov
er
th
e
ex
pe
ct
ed
pa
ti
en
tl
oa
d
2
G
ya
n
et
al
.2
00
5
M
ay
20
01
–M
ay
20
02
Is
la
n
d
of
Tr
in
id
ad
C
ar
ib
be
an
Pa
ti
en
ts
ag
ed
15
ye
ar
s
an
d
un
de
r
w
h
o
at
te
n
de
d
th
e
Pa
ed
ia
tr
ic
Pr
io
ri
ty
C
ar
e
Fa
ci
lit
y
fo
r
as
th
m
a
of
th
e
W
en
dy
Fi
tz
w
ill
ia
m
C
h
ild
re
n
’s
H
os
pi
ta
l
A
re
du
ct
io
n
in
vi
si
bi
lit
y
eq
ua
lt
o
or
le
ss
th
an
15
km
(+
re
dd
is
h
−
br
ow
n
co
lo
r)
T
h
er
e
w
as
an
as
so
ci
at
io
n
be
tw
ee
n
in
cr
ea
se
d
pa
ed
ia
tr
ic
as
th
m
a
ad
m
is
si
on
s
an
d
in
cr
ea
se
d
Sa
h
ar
an
du
st
co
ve
r.
A
de
te
ri
or
at
io
n
of
vi
si
bi
lit
y
du
e
to
Sa
h
ar
an
du
st
co
ve
r
in
cr
ea
se
s
a
da
ily
ad
m
is
si
on
ra
te
of
7.
8
pa
ti
en
ts
to
9.
25
1612
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
3
Ji
m
en
ez
et
al
.2
01
0
20
03
–2
00
5
M
ad
ri
d,
Sp
ai
n
D
ai
ly
m
or
ta
lit
y
du
e
to
:a
ll
or
ga
n
ic
ca
us
es
ex
ce
pt
ac
ci
de
n
ts
;c
ir
cu
la
to
ry
ca
us
es
;a
n
d
re
sp
ir
at
or
y
ca
us
es
pr
ov
id
ed
by
th
e
M
ad
ri
d
R
eg
io
n
al
In
la
n
d
R
ev
en
ue
D
ep
ar
tm
en
t
A
cc
or
di
n
g
to
da
ta
fr
om
th
e
D
ir
ec
to
ra
te
-
G
en
er
al
fo
r
E
n
vi
ro
n
m
en
ta
lQ
ua
lit
y
&
A
ss
es
sm
en
ta
tt
h
e
M
in
is
tr
y
fo
r
th
e
E
n
vi
ro
n
m
en
ta
n
d
R
ur
al
&
M
ar
in
e
H
ab
it
at
s
O
n
Sa
h
ar
an
du
st
da
ys
,a
si
gn
ifi
ca
n
ts
ta
ti
st
ic
al
as
so
ci
at
io
n
w
as
de
te
ct
ed
be
tw
ee
n
PM
10
an
d
m
or
ta
lit
y
fo
r
al
l3
ca
us
es
an
al
ys
ed
4
L
op
ez
-V
ill
ar
ru
bi
a
et
al
.
20
10
20
00
–2
00
4
Tw
o
C
an
ar
y
Is
la
n
d
C
it
ie
s
D
ai
ly
de
at
h
(a
ll-
ca
us
e,
h
ea
rt
an
d
re
sp
ir
at
or
y
di
se
as
es
)
re
po
rt
s
fr
om
th
e
M
or
ta
lit
y
R
eg
is
te
r
of
th
e
C
an
ar
y
Is
la
n
ds
R
eg
io
n
al
A
ut
h
or
it
y
A
ir
po
llu
ti
on
da
ta
w
er
e
ob
ta
in
ed
fr
om
th
e
A
ir
Q
ua
lit
y
N
et
w
or
k
PM
2.
5
w
as
cl
ea
rl
y
as
so
ci
at
ed
w
it
h
h
ea
rt
di
se
as
e
m
or
ta
lit
y
an
d
PM
10
–2
.5
w
it
h
re
sp
ir
at
or
y
m
or
ta
lit
y
5
M
al
lo
n
e
et
al
.2
01
1
20
01
–2
00
4
R
om
e,
It
al
y
80
,4
23
re
si
de
n
ts
≥3
5
ye
ar
s
of
ag
e
w
h
o
di
ed
w
it
h
in
th
e
ci
ty
fr
om
n
at
ur
al
ca
us
es
.D
at
a
w
er
e
ob
ta
in
ed
fr
om
th
e
R
eg
io
n
al
R
eg
is
te
r
of
C
au
se
s
of
D
ea
th
s
Sa
h
ar
an
du
st
da
ys
w
er
e
de
fi
n
ed
by
co
m
bi
n
in
g
L
Ig
h
tD
et
ec
ti
on
A
n
d
R
an
gi
n
g
(L
ID
A
R
)
ob
se
rv
at
io
n
s
an
d
an
al
ys
es
fr
om
op
er
at
io
n
al
m
od
el
s
E
vi
de
n
ce
of
ef
fe
ct
s
of
PM
2.
5–
10
an
d
PM
10
on
n
at
ur
al
an
d
ca
us
e-
sp
ec
ifi
c
m
or
ta
lit
y,
w
it
h
st
ro
n
ge
r
es
ti
m
at
ed
ef
fe
ct
s
on
ca
rd
ia
c
m
or
ta
lit
y
du
ri
n
g
Sa
h
ar
an
du
st
ou
tb
re
ak
s
(C
on
tin
ue
d
on
ne
xt
pa
ge
)
1613
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
T
ab
le
A
1.
Pu
bl
is
h
ed
st
ud
ie
s
ab
ou
tS
ah
ar
an
du
st
im
pa
ct
s
on
h
um
an
h
ea
lt
h
.(
C
on
tin
ue
d)
ID
R
ef
er
en
ce
T
im
e
&
pl
ac
e
H
ea
lt
h
ou
tc
om
es
,t
ar
ge
t
po
pu
la
ti
on
,d
at
a
so
ur
ce
D
us
te
ve
n
td
efi
n
it
io
n
M
ai
n
fi
n
di
n
gs
6
M
at
e´
et
al
.2
01
0
20
03
–2
00
5
M
ad
ri
d,
Sp
ai
n
D
ai
ly
m
or
ta
lit
y
du
e
to
di
se
as
es
of
th
e
ci
rc
ul
at
or
y
sy
st
em
in
th
e
ci
ty
of
M
ad
ri
d
du
ri
n
g
th
e
st
ud
y
pe
ri
od
.T
h
e
da
ta
w
er
e
fu
rn
is
h
ed
by
th
e
M
ad
ri
d
R
eg
io
n
al
R
ev
en
ue
A
ut
h
or
it
y
A
lin
ea
r
re
la
ti
on
sh
ip
w
as
ob
se
rv
ed
be
tw
ee
n
PM
2.
5
le
ve
ls
an
d
m
or
ta
lit
y
du
e
to
di
se
as
es
of
th
e
ci
rc
ul
at
or
y
sy
st
em
.F
or
ev
er
y
in
cr
ea
se
of
10
µ
g.
m
−3
in
da
ily
m
ea
n
PM
2.
5
co
n
ce
n
tr
at
io
n
,f
or
ov
er
al
lc
ir
cu
la
to
ry
m
or
ta
lit
y,
as
so
ci
at
io
n
s
w
er
e
es
ta
bl
is
h
ed
at
la
gs
2
an
d
6,
w
it
h
R
el
at
iv
e
R
is
k
(R
R
)
of
1.
02
2
(1
.0
05
–1
.0
39
)
an
d
1.
02
5
(1
.0
07
–1
.0
43
),
re
sp
ec
ti
ve
ly
7
M
id
dl
et
on
et
al
.2
00
8
Ja
n
ua
ry
19
95
–
D
ec
em
be
r
20
04
N
ic
os
ia
,C
yp
ru
s
C
ar
di
ov
as
cu
la
r
an
d
re
sp
ir
at
or
y
ad
m
is
si
on
s.
D
at
a
fr
om
th
e
tw
o
pu
bl
ic
h
os
pi
ta
ls
in
N
ic
os
ia
.T
h
e
da
ily
vo
lu
m
e
of
al
l-c
au
se
ad
m
is
si
on
s
in
th
e
sa
m
e
pe
ri
od
w
as
ob
ta
in
ed
fr
om
th
e
C
yp
ru
s
St
at
is
ti
ca
l
Se
rv
ic
es
D
ay
s
w
it
h
at
le
as
t1
h
ou
rl
y
PM
10
co
n
ce
n
tr
at
io
n
h
ig
h
er
th
an
15
0
µ
g.
m
−3
re
co
rd
ed
at
N
ic
os
ia
C
en
tr
al
or
h
ig
h
er
th
an
10
0
µ
g.
m
−3
at
th
e
ru
ra
l
st
at
io
n
+0
.9
%
al
l-c
au
se
s
an
d
+1
.2
%
ca
rd
io
va
sc
ul
ar
ad
m
is
si
on
s
pe
r
10
µ
g.
m
−3
PM
10
;
+4
.8
%
al
l-c
au
se
s
an
d
+1
0.
4%
ca
rd
io
va
sc
ul
ar
ad
m
is
si
on
s
on
du
st
st
or
m
da
ys
1614
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
8
M
on
te
il
20
08
M
ar
ch
20
03
Tr
in
id
ad
,
C
ar
ib
be
an
C
lin
ic
al
Pa
ed
ia
tr
ic
A
st
h
m
a
A
dm
is
si
on
s.
Se
ve
ra
ld
at
a
so
ur
ce
(p
ri
m
ar
y
ca
re
fa
ci
lit
ie
s
an
d
h
os
pi
ta
l)
D
ai
ly
PM
10
co
n
ce
n
tr
at
io
n
s
gr
ea
te
r
th
an
85
µ
g.
m
−3
Si
gn
ifi
ca
n
ti
n
cr
ea
se
in
th
e
n
um
be
r
of
pe
di
at
ri
c
ad
m
is
si
on
s
fo
r
up
to
7
da
ys
fr
om
th
e
pe
ak
of
du
st
co
ve
r
9
N
as
to
s
et
al
.2
01
1
M
ar
ch
22
–2
3,
20
08
C
re
te
Is
la
n
d,
G
re
ec
e
D
ai
ly
co
un
ts
of
ad
m
is
si
on
s
fo
r
ca
rd
io
va
sc
ul
ar
an
d
re
sp
ir
at
or
y
sy
n
dr
om
es
ob
ta
in
ed
fr
om
th
e
tw
o
m
ai
n
h
os
pi
ta
ls
in
H
er
ak
lio
n
du
ri
n
g
M
ar
ch
–A
pr
il
20
08
H
ig
h
du
st
co
n
ce
n
tr
at
io
n
(>
25
0
µ
g.
m
−3
)
T
h
e
re
sp
ir
at
or
y
ad
m
is
si
on
s
w
er
e
3-
fo
ld
th
an
th
e
m
ea
n
da
ily
ad
m
is
si
on
s
on
th
e
sa
m
e
da
y
of
th
e
em
er
ge
n
ce
of
th
e
Sa
h
ar
an
du
st
ep
is
od
e
(k
ey
da
y)
.T
h
e
ad
m
is
si
on
s
co
n
ce
rn
in
g
th
e
ca
rd
io
va
sc
ul
ar
sy
n
dr
om
es
di
d
n
ot
ap
pe
ar
an
y
si
gn
ifi
ca
n
t
ch
an
ge
10
Pe
re
z
et
al
.2
00
8
M
ar
ch
20
03
–D
ec
em
be
r
20
04
B
ar
ce
lo
n
a,
Sp
ai
n
D
ea
th
s
fr
om
ex
te
rn
al
ca
us
es
(i
n
cl
ud
in
g
in
ju
ry
,p
oi
so
n
in
g,
an
d
ac
ci
de
n
ts
)
w
er
e
n
ot
in
cl
ud
ed
.D
at
a
fr
om
th
e
B
ar
ce
lo
n
a
m
or
ta
lit
y
re
gi
st
ry
(2
4,
85
0
de
at
h
s)
PM
10
co
n
ce
n
tr
at
io
n
at
a
re
fe
re
n
ce
re
m
ot
e
ru
ra
l
m
on
it
or
in
g
si
te
re
ac
h
ed
at
le
as
t5
0%
of
th
e
PM
10
co
n
ce
n
tr
at
io
n
at
th
e
ur
ba
n
sa
m
pl
in
g
si
te
in
B
ar
ce
lo
n
a
+8
.4
%
da
ily
m
or
ta
lit
y
pe
r
10
µ
g.
m
−3
PM
10
–2
.5
du
ri
n
g
Sa
h
ar
an
du
st
da
ys
(C
on
tin
ue
d
on
ne
xt
pa
ge
)
1615
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
T
ab
le
A
1.
Pu
bl
is
h
ed
st
ud
ie
s
ab
ou
tS
ah
ar
an
du
st
im
pa
ct
s
on
h
um
an
h
ea
lt
h
.(
C
on
tin
ue
d)
ID
R
ef
er
en
ce
T
im
e
&
pl
ac
e
H
ea
lt
h
ou
tc
om
es
,t
ar
ge
t
po
pu
la
ti
on
,d
at
a
so
ur
ce
D
us
te
ve
n
td
efi
n
it
io
n
M
ai
n
fi
n
di
n
gs
11
Sa
m
ol
ie
ta
l.
20
11
a
20
01
–2
00
4
A
th
en
s,
G
re
ec
e
D
ai
ly
ti
m
e-
se
ri
es
da
ta
pr
ov
id
ed
by
th
e
ch
ild
re
n
’s
h
os
pi
ta
ls
.
A
ll
ch
ild
re
n
ad
m
it
te
d
w
it
h
th
e
di
ag
n
os
is
of
“a
st
h
m
a”
“a
st
h
m
at
ic
br
on
ch
it
is
”
or
“w
h
ee
zy
br
on
ch
it
is
”
ag
ed
0–
14
ye
ar
s,
liv
in
g
in
th
e
gr
ea
te
r
A
th
en
s
ar
ea
w
er
e
in
cl
ud
ed
D
us
td
ay
s
us
in
g
ba
ck
-tr
aj
ec
to
ry
an
al
ys
is
in
co
m
bi
n
at
io
n
w
it
h
a
da
ta
dr
iv
en
cr
it
er
io
n
,
ba
se
d
on
h
ig
h
pa
rt
ic
le
co
n
ce
n
tr
at
io
n
s
pr
ov
id
ed
by
th
e
fi
xe
d
m
on
it
or
in
g
si
te
s
A
10
µ
g.
m
−3
in
cr
ea
se
in
PM
10
w
as
as
so
ci
at
ed
w
it
h
a
2.
54
%
in
cr
ea
se
(9
5%
co
n
fi
de
n
ce
in
te
rv
al
(C
I)
:0
.0
6%
,
5.
08
%
)
in
th
e
n
um
be
r
of
pa
ed
ia
tr
ic
as
th
m
a
h
os
pi
ta
la
dm
is
si
on
s.
St
at
is
ti
ca
lly
si
gn
ifi
ca
n
t
PM
10
ef
fe
ct
s
w
er
e
h
ig
h
er
du
ri
n
g
w
in
te
r
an
d
du
ri
n
g
de
se
rt
du
st
da
ys
12
To
bi
as
et
al
.2
01
1
20
03
–2
00
5
M
ad
ri
d,
Sp
ai
n
A
ll-
ca
us
e
n
at
ur
al
da
ily
m
or
ta
lit
y
(e
xc
ep
td
ea
th
s
fr
om
ex
te
rn
al
ca
us
es
pr
ov
id
ed
by
th
e
M
ad
ri
d’
s
m
or
ta
lit
y
re
gi
st
ry
)
E
vi
de
n
ce
of
st
ro
n
ge
r
ad
ve
rs
e
h
ea
lt
h
ef
fe
ct
s
of
PM
10
–2
.5
du
ri
n
g
Sa
h
ar
an
du
st
ou
tb
re
ak
s.
D
ur
in
g
Sa
h
ar
an
du
st
da
ys
,a
n
in
cr
ea
se
of
10
m
g/
m
3
of
PM
10
–2
.5
ra
is
ed
to
ta
l
m
or
ta
lit
y
by
2.
8%
co
m
pa
re
d
w
it
h
0.
6%
du
ri
n
g
n
on
-d
us
td
ay
s
(P
-v
al
ue
fo
r
in
te
ra
ct
io
n
=
0.
01
65
)
1616
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
13
Z
au
li
Sa
ja
n
ie
ta
l.
20
11
A
ug
us
t2
00
2–
D
ec
em
be
r
20
06
E
m
ili
a-
R
om
ag
n
a,
It
al
y
R
es
id
en
ts
in
th
e
si
x
m
ai
n
of
th
e
ce
n
tr
al
-w
es
te
rn
pa
rt
of
th
e
E
m
ili
a-
R
om
ag
n
a
re
gi
on
w
h
o
di
ed
du
ri
n
g
th
e
st
ud
y
pe
ri
od
Tw
o
SD
D
de
fi
n
it
io
n
s
w
er
e
us
ed
:1
/a
ll
SD
D
re
ga
rd
le
ss
of
th
e
in
te
n
si
ty
of
th
e
tr
an
sp
or
t
ph
en
om
en
on
.2
/
a
su
bs
et
of
“s
tr
on
g”
SD
D
ch
ar
ac
te
ri
se
d
by
co
ar
se
pa
rt
ic
le
n
um
be
r
co
n
ce
n
tr
at
io
n
s
h
ig
h
er
th
an
0.
25
pa
rt
ic
le
s/
cm
3 ,
th
at
is
,
th
e
90
th
pe
rc
en
ti
le
of
co
ar
se
pa
rt
ic
le
di
st
ri
bu
ti
on
E
vi
de
n
ce
of
in
cr
ea
se
d
re
sp
ir
at
or
y
m
or
ta
lit
y
fo
r
pe
op
le
ag
ed
75
or
ol
de
r
on
SD
D
.
R
es
pi
ra
to
ry
m
or
ta
lit
y
in
cr
ea
se
d
by
22
.0
%
(9
5%
C
I
4.
0%
to
43
.1
%
)
on
th
e
SD
D
in
th
e
w
h
ol
e
ye
ar
m
od
el
an
d
by
33
.9
%
(8
.4
%
to
65
.4
%
)
in
th
e
h
ot
se
as
on
m
od
el
.E
ff
ec
ts
at
te
n
ua
te
d
fo
r
n
at
ur
al
an
d
ca
rd
io
va
sc
ul
ar
m
or
ta
lit
y
w
it
h
O
R
s
of
1.
04
2
(9
5%
C
I
0.
99
2
to
1.
09
5)
an
d
1.
04
3
(9
5%
C
I
0.
96
9
to
1.
12
2)
,
re
sp
ec
ti
ve
ly
14
Pr
os
pe
ro
et
al
.2
00
8
19
96
–1
99
7
C
ar
ib
be
an
D
ai
ly
at
te
n
da
n
ce
as
th
m
a
of
pa
ed
ia
tr
ic
pa
ti
en
ts
(7
15
8
ca
se
s
in
19
96
an
d
85
84
in
19
97
).
D
at
a
fr
om
th
e
as
th
m
a
cl
in
ic
in
B
ar
ba
do
s
Pe
ak
s
in
du
st
co
n
ce
n
tr
at
io
n
,s
om
e
ap
pr
oa
ch
in
g
or
ex
ce
ed
in
g
10
0
µ
g.
m
−3
N
o
ob
vi
ou
s
re
la
ti
on
sh
ip
al
th
ou
gh
th
er
e
m
ay
be
m
or
e
su
bt
le
lin
ka
ge
s
be
tw
ee
n
du
st
an
d
as
th
m
a
15
Sa
m
ol
ie
ta
l.
20
11
b
20
01
–2
00
6
A
th
en
s,
G
re
ec
e
T
h
e
da
ily
co
un
ts
of
al
l-c
au
se
m
or
ta
lit
y
ex
cl
ud
in
g
de
at
h
s
fr
om
ex
te
rn
al
ca
us
es
,c
ar
di
ov
as
cu
la
r
m
or
ta
lit
y
an
d
re
sp
ir
at
or
y
m
or
ta
lit
y
ob
ta
in
ed
fr
om
th
e
G
re
ek
N
at
io
n
al
St
at
is
ti
ca
l
Se
rv
ic
e
T
h
e
PM
10
m
ed
ia
n
co
n
ce
n
tr
at
io
n
fr
om
th
is
m
on
it
or
in
g
st
at
io
n
w
as
66
.8
µ
g.
m
−3
du
ri
n
g
de
se
rt
du
st
ev
en
ts
an
d
52
.0
µ
g.
m
−3
fo
r
th
e
re
st
of
th
e
da
ys
T
h
e
pa
rt
ic
le
s’
ef
fe
ct
s
w
er
e
si
gn
ifi
ca
n
tl
y
h
ig
h
er
du
ri
n
g
n
on
-d
es
er
td
us
td
ay
s
1617
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 L
ieg
e] 
at 
07
:24
 23
 Se
pte
mb
er 
20
13
 
